The surface reaction characteristics, hydrogen evolution efficiency and hydrogen evolution reaction kinetics of Ni-30at.%Cu electrode have been investigated in 30wt.%KOH electrolyte in presence and absence of ethylene diamine tetra acetic acid (EDTA) at room temperature by cyclic voltammetric technique. Cyclic voltammogram of the electrode showed three couples of oxidation-reduction peaks in between the potential range -1.1 to + 0.4 V. The peak couples were originated from the electrochemical transformations of Ni(0) Ni(OH) 2 , Cu(0) Cu(I) and Cu(I) Cu(OH) 2 . An interference of the adsorped hydrogen over Cu(0) surface on the transformation of Ni(OH) 2 Ni(0) was found. It was realized that added EDTA forms Cu-EDTA complex over the electrode surface. With increasing the amount of EDTA, the thickness of Cu(OH) 2 layer gradually decreased. Addition of 0.04g, 0.08g and 0.12g EDTA increased the hydrogen evolution efficiency of the electrode more than 6%, 12% and 17%.
Introduction
Hydrogen is considered to be an ideal energy carrier in the foreseeable future. It can be produced in pure form by water electrolysis and can be converted into useful energy BCSIR Avaiable online at www.babglajol.info BANGLADESH JOURNAL OF SCIENTIFIC AND INDUSTRIAL RESEARCH E-mail: bjsir07gmail.com without detrimental of environment (Kreuter and Hofman 1998 , Aki et al. 2006 , Kaninski et al. 2006 . Hydrogen production is the basic cathodic reaction of water electrolysis. For the optimization of this reaction, the essential prerequisite is the selection of a cathode material. A cathode should exhibit good hydrogen evolution efficiency, be stable in electrolyte and available. Because of the low availability and high cost of noble metals, the choice of cathode materials recently confined to low cost transition metals (Jaksic et al. 1998) . Investigations on Ni (Choquette et al. 1990 ), Kibria et al. 1995) and nickel based electrodes like Ni-Fe (Hu and Wu 1993) , Ni-Co (Chi et al. 2006) , NiZn (Giz et al. 1990) , Ni-Mo (Raj and Venkatesan, 1988) have been going on in alkaline electrolyte medium for more than a decade. This electrolyte medium is preferred because of its better material corrosion inhibition property than the acidic medium during hydrogen evolution reactions (HER) (Kreysa et al. 1986 , Choquette et al. 1990 ).
The hydrogen evolution study of Ni-Cu alloy is unknown. Considering the general relationship of d-electrons and hydrogen evolution capability of metals (Jaksic et al. 1998) , this alloy can be a good electro-catalyst for the HER because of having at least d 8 electrons in them. On the other hand, Cu is a cheap material and available. Moreover, it has higher corrosion resistance capability than Fe. Recently, authors (Brossard and Marquis, 1994) have reported 90% exchange current density value of Co for Cu. For a Co40at.%Cu cathode about 5.0 and 4.5 times higher exchange current density value than those of pure Cu and Co have also been reported. The investigated Co-Cu electrode was prepared by their electro-deposition over a nickel wire. As Co and Ni electrodes show almost similar hydrogen evolution efficiency, it is reasonable to assume that addition of Cu with Ni may increase the electrocatalytic activity for HER. Cu is known easily soluble in Ni and forms solid solution. In this situation, the newly exposed Ni atoms in Cu and vice versa may gain capability to increase the hydrogen evolution efficiency (Jaksic et al. 1998) .
In order to lower the cost of electrode as well as the electrolyzer, the aim of the most current investigations is to find out the hydrogen evolution efficiency and to understand the hydrogen evolution reaction mechanism (HER) in presence of additives those have capability to modify the electrode surface and therefore the electrolysis efficiency. It has been observed that additive ethylene diamine tetra acetic acid (EDTA) is capable to modify the surface of Pd electrode (Jaksic et al. 1993) . EDTA and thiourea have found effective in modifying the iron oxide electrode (Periasamy et al. 1996) . Both the EDTA and Co-tris complex have improved the hydrogen evolution capability of noble metal electrodes (Vandenberg and Johnson, 1993) . In this context, the present study program has been taken to investigate the sur-face reaction behavior and kinetics, the hydrogen evolution efficiency and hydrogen evolution reaction kinetics of Ni-30at.%Cu electrode in presence and absence of dissolved additives EDTA in alkaline electrolyte.
Materials and Methods
Ni and Cu of purity 99.9wt.% purchased from the Tanaka Precious Metal Company, Japan, were used to prepare the Ni-Cu alloy. Ni-30at.%Cu alloy ingot was prepared by non-consumable arc melting and cooling. It was then annealed for 5 h at 973 K in a vacuum of about 1.3 x 10 -4 Pa. The annealed ingot was then rolled into a sheet of 1 mm thickness and cut into square size to prepare the working electrode. For collecting electrode current, a Ni wire was spot welded vertically with the sheet and then insulated by a glass pipe and epoxy resin. The geometric surface area of the electrode was 0.59 cm 2 . A sheet of nickel of geometric surface area 9.25 cm 2 was prepared to use as counter electrode. Both the working and the counter electrode surfaces were then freed from oxides if any by chemical etching. The electrode surfaces were then polished with 0.3 µm alumina paste and rinsed with distilled water. The used electrolyte was 30wt.%KOH solution. It was prepared from reagent grade KOH pellets and distilled water.
A three-electrode cylindrical electrochemical cell constructed in the laboratory was used for the experimental measurements. About 100 ml of the electrolyte was placed into the cell. The working, counter and Hg/HgO.OHreference electrodes were then immersed in the electrolyte in triangular ways. The reference electrode consists of a luggin capillary. The capillary end of this electrode was kept about 2 mm apart from the surface of the working electrode. Before carried out any experiment, the electrolyte was freed from dissolved oxygen by bubbling N 2 gas.
Cyclic voltammetric measurements were carried out by EG&G PARC Model 362 potentiostat/Galvanostat and voltammograms were sketched by potential-current recorder EG&G PARC Model RE 0089. The working electrode was activated before recording the voltammetric information of its surface reaction. To understand the mechanism of the growth and removal of hydroxide layers over the electrode surface, voltammetric information were carried out at various potential ranges ranging from -1.1 V to + 0.4 V with and without EDTA. To evaluate the kinetics of the growth of hydroxide layers over the electrode surface, it was continuously cycled up to a long period and then voltammograms were sketched at different sweep rates ranging from 5 mV/s to 200 mV/s. The hydrogen evolution currents of the electrode were measured in between the potential range -1.4 V to -0.2 V by increasing the negative potential from -1.1 V towards negative potential direction with a rate of 0.01 V at the scan rate of 10 mV/s under stirring condition. The kinetic parame-ters for the hydrogen evolution reactions, i.e., Tafel slope (b) and exchange current density value at zero overpotential (i o ) were evaluated from the logi (i = current density) vs. η (overpotential) plot known as Tafel plot. The experiments were carried out at room temperature within ± 1 o C error limit. Figure 1 shows the cyclic voltammograms obtained for the activated Ni-30at%Cu electrode in oxygen free electrolyte in the potential range -1.1 V to + 0.4 V at different time periods after addition of 0.04g EDTA in the electrolyte at the potential scan rate 100 mV/s. The electrode activation was carried out at the potential -1.1 V for 20 minutes and then the voltammograms were recorded starting from -1.1 V. The voltammograms are clearly representing the effect of cycling on the oxidation-reduction behavior of the electrode surface. It can be seen that the voltammograms exhibited three oxidation peaks designed as pa1, pa2 and pa3 and three reduction peaks pc1, pc2 and pc3. A new peak represented by pc1* with a high intensity appeared within 10 minutes. The potentials of the peaks pa1 and pc1 are coincided with those reported for Ni (0) Ni(OH) 2 transformations in alkaline medium (Kibria et al. 1995 , Giz et al. 1990 ) and indicating their origin from the oxidation of Ni(0) to Ni(OH) 2 and then its reduction to Ni(0). The oxidation of Ni(OH) 2 to NiOOH occurs at around 0.48 V (Kibria and Mridha, 1996) .
Results and Discussion
The chosen positive terminal potential is not enough to achieve such a transformation. So, it can be realized that the rest two oxidation peaks were originated due to the two step transformations of copper as Cu (0) Cu(I) and Cu(I) Cu(OH) 2 . Considering the position of the rest three reduction peaks, it can be said that the peak pa2 and pc2, and pa3 and pc3 are couple of oxidation-reduction peaks. Peaks pc3 and pc2 are originated from the reduction of Cu(II) Cu(I) and Cu(I) Cu(0). The peak pc1* seems originated due to the adsorption of hydrogen over the Cu(0) surface.
It can be seen that current for all the peaks gradually increased with time. But the increase in current for Ni(OH) 2 Ni(0) transformations is very small. Moreover, hydrogen adsorption over Cu(0) surface severely hinders the reduction of Ni(OH) 2 Ni(0). It caused to decrease the hydrogen adsorption region that might be an obstacle to obtain vigorous hydrogen evolution reactions in the chosen potential range. It may be seen that peak couple of Cu (0) Cu(I) transformations showed almost reversible behavior whereas those of Cu(I) Cu(II) transformations showed irreversible trend. However, increase in oxidation-reduction currents with time is representing the gradual increase in thickness of Cu(OH) 2 layer over the electrode surface and its removal on the reverse scan. A complete study on the oxidation-reduction behavior informed that increase in thickness of this layer continued up to a period of about 120 minutes and then became saturated. Formation of the saturated layer is indicating its stable position in the used electrolyte. It can be seen that increase in current for Cu(I) Cu(II) transformation up to 20 minutes is small. After that a sharp increase in peak current is indicating some irregularity in electrode surface reaction kinetics. In order to find out the fact, surface redox behaviors were recorded at various scan rates ranging from 5 mV/s to 100 mV/s. Cu(II) transformation steps. It can be seen that i p vs. ν 1/2 followed linear relationship for both the reaction steps but that of Cu(I)
Cu (II) is not passing through the origin. It informs that this reaction step is not purely diffusion-controlled. Such a reaction behavior of the electrode surface was also observed before the addition of EDTA which will be described below. Cu(I) Cu(II) transformation and adsorption of hydrogen over the Cu(0) surface. For the EDTA system, currents for these peaks at 60 minutes are about 1.0 mA and 0.18 mA, respectively. These values are only 60.6% and 46.9% to those appeared without EDTA system at the same period of time. It indicates that EDTA highly interfering and concurrently suppressing the Cu(I) Cu(II) transformation reaction by forming Cu-EDTA complex. Obviously it formed complex with a fraction of Cu(II) generated over the electrode surface. The complex seems remained intact with the surface without disturbing the other redox transformations. As a result, the fraction of exposed Cu(0) surface decreased and hence the current for adsorption of hydrogen over the Cu(0) surface decreased. It may be seen that due to the addition of EDTA, the hydrogen adsorption region moved to -0.97 V from -1.0 V, i.e., it allowed to extend the hydrogen adsorption region 30 mV towards positive potential direction within 60 minutes. It is representing a good signal for getting better hydrogen evolution using EDTA (Jaksic et al. 1993) . However still the reduction of Ni(OH) 2 Ni(0) hindered by the hydrogen adsorption step of Cu(0).
In order to obtain more detailed information about the effect of EDTA on the Cu(I) Cu(II) transformations and hydrogen evolution, 0.04g EDTA was added further in the electrolyte after getting saturated Cu(OH) 2 layer over the surface within 120 minutes. Figure 4 shows the effect of this addition on the surface reactions as well as saturated Cu(OH) 2 layer at the potential scan rate 100 mV/s. It can be seen that current for the Cu(I) Cu(II) transformation sharply decreased to 0.35 mA from 1.7 mA within 5 minutes and then reached to 0.17 mA at 35 minutes. At this state, current for the hydrogen adsorption over Cu(0) surface is only 0.08 mA which is 45% to that appeared at the saturated state while 0.04g EDTA was added ( Figure 1 ). The hydrogen adsorption region further moved to -0.90 V from -0.97 V. The hydrogen evolution efficiency seems a little higher. At this situation no noticeable reduction of Ni(II) Ni (0) is observed. It may be seen that currents for Cu(I) Cu(II) transformations moved towards equality. At this stage, it is reasonable to assume that the surface reaction behavior might be different from that showed earlier when only 0.04g EDTA was added. In order to understand the fact clearly whether addition of further 0.04g EDTA has changed the surface reaction kinetics or not, the surface redox behaviors are recorded at various scan rates ranging from 10 mV/s to 200 mV/s. Peak current (i p ) vs. root of scan rate (ν 1/2 ) relationships of the Cu(0) Cu(I) and Cu(I) Cu(II) transformation steps are plotted and included in Figure 2 . It may be seen that i p vs. ν 1/2 for both the reaction steps again followed linear relationship but that of Cu(I) Cu(II) is not passing through the origin. This behavior is quite similar to that appeared before the addition of EDTA and after addition of 0.04g EDTA. It informs that EDTA has no capability to change the electrode surface reaction trend. It can decrease the thickness of hydroxide layer by forming Cu-EDTA complex. Addition of EDTA can increase the hydrogen evolution efficiency of Ni-Cu electrode by moving the hydrogen adsorption region towards positive potential as it acted on Pd electrode (Jaksic et al. 1993) .
In order to find out a suitable positive terminal potential to investigate the HER and concurrently the hydrogen evolution efficiency of the investigated Ni-Cu electrode, the effect of variation of potential range on the redox behaviors studied at this stage in between the potential range -1.1 V to + 0.4 V at scan rate 100 mV/sec. The observed voltammograms are shown in Figure can be seen that with the variation of potential ranges, current for Ni(0) Ni(OH) 2 transformation remained constant. Currents for Cu (0) Cu(I) and Cu(I) Cu(OH) 2 transformations decreased with decreasing the potential ranges. The voltammograms appeared up to the potential range -1.1 V to 0.0 V showed like redox behavior. On further decrease in positive potential, the reduction peak for Cu(II) Cu(I) disappeared and that for Ni(OH) 2 Ni(0) came in scenario. It can be seen that -0.2 V is the best anodic terminal potential because the cathodic cycle when started from this potential no noticeable hydrogen adsorption over the Cu(0) surface occurred to interfere the reduction step of Ni(OH) 2 Ni(0). Moreover, the fixing of anodic potential limit -0.2 V seems suitable to achieve the predomination of Ni over Cu. However, it may be seen that change in potential ranges are not contributing in hydrogen evolution efficiency. This behavior of the electrode is analogous to that observed for Ni (Jaksic et al. 1990 ) but quite different from those reported for Pd (Jaksic et al. 1993) and Ni-80at.%Pd (Sarkar et al. 2008) electrodes where hydrogen evolution efficiency increased with decreasing the positive potential value in between the potential range -1.0 V to + 0.75 V.
In order to determine the hydrogen evolution efficiency and the kinetic parameters of the HER, cyclic voltammograms of Ni30at.%Cu electrode were recorded in between the potential ranges -1.4 V to -0.2 V at the potential scan rate of 10 mV/s with and without EDTA. In these cases, the electrode activation was carried out at the potential -1.4 V for 30 minutes and then the voltammograms were recorded from the lower limit of the potential range. It was observed that hydrogen adsorption region as usually increased with increasing the negative potential value and concurrently hydrogen evolution current, i.e., hydrogen evolution efficiency gradually increased. Figure 6 shows the hydrogen evolution current density (i d ) vs. potential relationships with 0.04g, 0.08g and 0.12g EDTA and without EDTA. It can be seen that addition of EDTA gradually increased the hydrogen evolution efficiency. Addition of 0.04g, 0.08g and 0.12g EDTA increased the hydrogen evolution efficiency about 6.3%, 12.4% and 17.3%, respectively. The observed results are very interesting and encouraging.
In order to determine the kinetic parameters of hydrogen evolution reactions, it was necessary to draw Tafel plots. Figure 7 shows the Tafel plots (logi vs. η values) for 0.12g EDTA and without EDTA systems. It is notable that η is equal to the difference in potentials of the working electrode and the Hg/HgO.OH-reference electrode. It can be seen that the Tafel plots show two welldefined Tafel regions as that observed for Ni (Kibria et al. 1995) and Ni based alloy (Giz et al. 1990 ). The region stands at the low overpotentials is known as low η region. The region stands at high overpotentials is known as High η region. The observed Tafel parameters are summarized in Table I . b values are calculated from the slopes of the Tafel lines and exchange current density (i o ) values were obtained from their extrapolation. From the Table I , it can be seen that addition of 0.12g EDTA increased the i o values about 1.3 times for both the Tafel regions. The observed i o value for the high η region is about 1.8 and 2.9 times higher than those of Ni (Kibria et al. 1995) and Cu (Brossard and Marquis, 1994) electrodes. The b values for both the low and high η regions are lower than those observed for the without EDTA system and also Ni electrode (Kibria et al. 1995) . From the achieved information, it can be concluded that the addition of EDTA can remarkably increase the hydrogen evolution efficiency of Ni-30at.%Cu electrode.
The observations achieved from the Figures  1-6 , it is possible to propose the mechanism of the hydrogen evaluation reactions (HER) over the Ni-30at.%Cu electrode surface. In absence and presence of EDTA, the mechanism of HER are obviously following like trends in 30wt.%KOH electrolyte because EDTA is only cleaning the electrode surface by forming complex. It seems that HER proceeded via three important steps. The first step is the adsorption of atomic hydrogen over the Ni-30at.%Cu electrode surface through water reduction. This step is known as Volmer step of electrolysis. Then two parallel competitive steps-electrochemical and chemical known as Heyrovsky step and Tafel step of electrolysis followed the Volmer step to evolve hydrogen. The reaction mechanisms can be represented as: 
